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Pore-size dependence of rotational tunneling in confined methyl iodide
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High resolution inelastic incoherent neutron scattering measurements have been performed on methyl io-
dide, a quantum rigid rotor, confined to porous silica glasses with varying pore size distributions. A simple
geometrical model composed of weakly and strongly disordered molecules is applied to describe the disordered
tunneling molecules, and it is found that the strongly disordered rotors are constrained to three molecular
layers. No simple relationship is found between the pore size distribution and the barrier height distribution,
thus suggesting that the tunneling line shape cannot be expressed as a simple integral over the pore size
distribution.
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I. INTRODUCTION

The presence of structural disorder can have a dram
effect on macroscopic material properties. At the atom
scale, structural disorder is typically described in terms
distributions of geometrical quantities such as bond leng
and bond angles that are determined from diffraction m
surements. Alternatively, disorder can be quantified by de
mining the distribution of potential energies experienced
the atomic scale constituents of the system. For a hig
ordered~crystalline! system the distribution is sharp, while
is broad for a disordered system. Rotational tunneling sp
troscopy is a useful tool for characterizing the local mole
lar environment due to its exquisite sensitivity to the loc
potential.1 Here we report high resolution inelastic neutr
scattering measurements of methyl iodide adsorbed in a
ries of porous silica glasses, and relate the degree
confinement-induced disorder in the methyl iodide to the d
tribution of pore sizes in the glass.

There are several characteristics of porous glasses tha
potentially influence confinement-induced disorder, a
therefore the dynamics, of an adsorbate. For example,
presence of hydroxyl~OH! groups on the surfaces of porou
silica will undoubtedly influence the static structure, partic
larly for a polar adsorbate such as methyl iodide (CH3I).
Raman and optical Kerr effect spectra indeed show dif
ences in the dynamics of liquid methyl iodide adsorbed
porous systems with differing surface treatments.2–4 More-
over, rotational tunneling measurements reveal less diso
for CH3I adsorbed in a porous glass with a hydropho
surface, compared to one with a hydroxylated surface.5 Sur-
face roughness can also play a role in the adsorbate dyna
as has been observed for H2 in porous Vycor glass.6

There are three geometrical characteristics of the po
themselves that may influence the adsorbate: the mean
size, the width of the pore size distribution, and the shap
the pores. Of these, previous investigations of the dynam
of confined materials have generally focused on the ave
pore diameter. Thus the porous hosts were chosen to
narrow pore size distributions. For example, inelastic neut
scattering has been used extensively to study the effec
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pore size on the rotational excitations in methane confine
a range of systems including dodecasil 3C, silica ge
controlled-pore glasses, and MCM-41, all of which had n
row pore size distributions.7,8 However many practical po
rous systems have a pore size distribution with a signific
width. Furthermore it seems that the degree of disorder
therefore the dynamics of the adsorbate should depend on
width of the pore size distribution of the host. In this stud
we examine how the pore size distribution affects the ori
tational barrier distribution extracted from the tunnelin
spectra of CH3I.

The rotational dynamics of methyl groups can often
understood using a simple single-particle model in wh
motion is hindered by a threefold symmetric orientation
barrier.1,9 The Hamiltonian for the methyl dynamics can the
be expressed as

H52B
d2

df2
1

V3

2
~12cos 3f!, ~1!

where B is the rotational constant for the methyl grou
(655 meV), V3 is the height of the hindering barrier, andf
is the angular coordinate of the methyl group. If the barrie
not too large, the wave functions will have significant ove
lap and quantum mechanical tunneling between the min
can occur at low temperature. Moreover, the energy splitt
~i.e., tunneling frequency! depends approximately expone
tially on the value ofV3. Thus measurements of the tunne
ing energy are extremely sensitive to the distribution of lo
environments. CH3I is a particularly good candidate for us
as a probe molecule because in the bulk it is a o
dimensional rotor for which Eq.~1! applies very well. The
tunneling spectrum in the low temperature solid phase
plays a single sharp tunneling peak at an energy transfe
2.4 meV ~0.6 GHz! corresponding to a barrier height of 4
meV.10 This makes the data analysis quite straightforward

Although CH3I appears to be an ideal adsorbate to use
a probe molecule, there are few previous measurement
confined solid CH3I. Inelastic neutron scattering measur
ments of the low energy dynamics have shown that wh
CH3I is confined to a porous glass having a diameter 5.8 n
©2002 The American Physical Society01-1
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the tunnel spectrum consists of three components: a se
resolution-limited bulklike peaks at62.4 meV, somewhat
broadened tunneling peaks at about64 meV, and a very
broad component attributed to tunneling methyl groups
der the influence of a broad distribution of barrier heights11

Based on measurements of the CH3I concentration depen
dence, these components have been assigned to m
groups at the center of the pore, near the center of the po
and near the pore walls, respectively. Measurements of
fined CH3I have also been performed in the liquid state. O
tical Kerr effect measurements have revealed two relaxa
times, the slower component arising from the molecules n
the pore walls.4 Raman experiments show that the linewid
of the n2 vibration ~the umbrellamode of the methyl group!
increases as the pore radius decreases.2,3 In these light
scattering studies, the porous hosts were fabricated to h
a narrow pore size distribution in an effort to minimiz
the effects of the pore size distribution from the measu
dynamics.

II. EXPERIMENTAL DETAILS

The porous materials used in this investigation w
Geltech-75, Geltech-200, and silica xerogel~manufactured
by PQ Corporation under the product name Britesorb!.12 The
Geltech samples are monolithic disks 6 mm in diameter
2 mm thick. The xerogel is a silica powder with a me
particle size of 11mm.13,14 The characterization of the po
rous hosts was performed via nitrogen adsorption/desorp
isotherm measurements using a Quantachrome Autosorb
Adsorption System.12 The pore size distributions for each o
these materials as determined via the desorption branc
the isotherm were analyzed using the Kelvin equation wh
assumes a cylindrical pore geometry.17 In all three porous
samples the adsorption/desorption curves were consis
with a distribution of cylindrical pores. The resulting po
size distributions are shown in Fig. 1. The surface area@de-
termined via multipoint BET~Ref. 17!#, mean pore diamete
^d&, and standard deviationsPSD ~determined by a fit of the
distributions to a Gaussian! are listed in Table I.15 Based on
the values ofsPSD we conclude that the xerogel is the mo
disordered of the three hosts.

The porous hosts were prepared so that approxima
95% of the pore volume was filled with CH3I. The details of
the sample preparation have been described elsewher
they will not be repeated here.11 The porous glass surface
were not treated so it is likely that OH groups were prese
All neutron scattering measurements were carried out at
NIST Center for Neutron Research with the NIST high-fl
backscattering spectrometer.18 The instrument was operate
with a dynamic range of611 meV ~energy transfer! and an
energy resolution~full width at half maximum! of 0.79meV.
In each measurement the samples were contained in a
walled aluminum sample can mounted in a top-loading
lium flow cryostat and controlled at a temperature of 5 K

The spectra collected at a wavevector transfer of 1
Å21, normalized to the incident beam monitor, are shown
Fig. 2. The data were fit with a simple model that describ
methyl rotor tunneling dynamics under the influence o
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distribution of barrier heights. Such models have been u
extensively to model the behavior of disordered tunnel
systems19–21and confined tunneling dynamics.6–8,11,22,23The
function used to model the scattering intensity is

I ~Q,E!5I oE g~V3!SMG
inc ~Q,E,V3!dV3 , ~2!

whereSMG
inc (Q,E,V3) is the incoherent scattering function fo

the methyl group,I o is the integrated intensity, andg(V3) is
a distribution of barrier heights. At low temperature, the
coherent scattering function is given by

SMG
inc ~Q,E!5

514 j o~Qr !

9
d~E!

1
2@12 j o~Qr !#

9
@d~E1Et!1d~E2Et!#,

~3!

where r is the radius of the methyl group,j o is the zeroth
order spherical Bessel function, andEt is the energy transfe
corresponding to the tunneling frequency.1 The dependence
of the tunneling energyEt on the barrier height is determine
from the Hamiltonian@Eq. ~1!#, for a broad range of barrie
heights. To a good approximation the barrier height distrib
tion, g(V3) can be modeled with two Gaussian distributio
which we parametrize as follows:

g~V3!5(
i 51

2
f i

A2ps i
2

expF2
1

2 S V32v3,i

s i
D 2G . ~4!

Since the ground state tunneling transition is approxima
exponentially dependent on the barrier height, a symme
distribution of barrier heights, such as a Gaussian, leads t
asymmetric tunneling line shape.6–8,11,19–23Based on previ-
ous work, the narrow Gaussian component can be attribu

FIG. 1. Pore size distributions as determined using nitrog
adsorption/desorption measurements. Distribution maxima h
been normalized to unity. Solid lines connect the points.
1-2



urface
el

PORE-SIZE DEPENDENCE OF ROTATIONAL . . . PHYSICAL REVIEW B 66, 104201 ~2002!
TABLE I. Characterization of porous materials and summary of fit results. SA denotes the specific s
area,^d& is the mean of the pore size distribution,sPSD is the standard deviation, and the other mod
parameters are described in the text.

sample
SA

(m2/g)
^d&
~nm!

sPSD

~nm!
v3,1

~meV!
s1

~meV!
v3,2

~meV!
s2

~meV! f2

GT-25 ~Ref. 5! 525 2.7 0.66 N/A N/A 39.6~3! 6.6~3! 1
GT-50 ~Refs. 11,15 and 16! 504 5.8 1.7 37.3~1! 1.29~9! 36.6~3! 6.1~3! 0.75~3!

GT-75 464 6.5 3.0 38.6~1! 1.11~9! 38.7~3! 5.5~3! 0.63~4!

GT-200 215 14.4 4.5 39.22~2! 1.24~3! 37.9~3! 5.9~3! 0.36~1!

xerogel 402 10.0 7.6 39.8~4! 1.9~1! 38~1! 9~1! 0.43~4!
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to CH3I molecules near the center of the pore while t
broad component arises from those molecules near the
walls.11 The previous measurements also revealed a s
sharp bulklike component. We believe that this is because
weakly disordered peaks for CH3I in the 5.8-nm pores were
better separated from the bulklike peaks thus allowing
bulklike peaks to be observed. In fitting the data, the am
tudes (f i), centers (v3,i), and widths (s i) of the two distri-
butions were allowed to vary. A comparison of least-squa
fits of this model~convoluted with the instrumental resolu
tion function! to the data are shown as the solid lines in F
2. The dashed lines represent the individual components

III. RESULTS AND DISCUSSION

The pore-size dependence of the integrated intensity
the inelastic features associated with the weakly disorde
~fraction f 1) and strongly disordered molecules~fraction f 2)
can provide quantitative information on the number of m
lecular ‘‘layers’’ associated with each component. Figure

FIG. 2. Rotational tunneling spectra for CH3I in the three porous
materials at a wave-vector transfer of 1.42 Å21. The solid line is a
fit described in the text, and the dashed lines are the individ
components. Note that the relative intensities of the two com
nents depend on the pore diameter, but that the peak positions
widths of the tunneling lines do not change monotonically with
average pore size.
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shows that the fractional intensityf 2 for the strongly disor-
dered component decreases as the pore size increases.

A simple two-component model can account for the po
size dependence off 2. Assume that the strongly disordere
molecules are constrained to a thicknesst on the pore walls,
and that the pore radii are uniform~see the inset of Fig. 3!.
For a mean pore diameter^d& the fraction in the layer thick-
ness,t, is given by

f 252S 2t

^d& D2S 2t

^d& D
2

~5!

for ^d&>2t. The fit of Eq.~5! to the data in Fig. 3 yields a
thickness oft51.4160.04 nm. Assuming bulk density fo
the confined CH3I, this corresponds to about three molecu
layers consistent with previous measurements.11 The model
also predicts thatf 2 will approach unity as the diameter ap
proaches twice the thickness (2t52.82 nm). This is consis-
tent with our previous measurements5,11 which are also

al
-
nd

FIG. 3. Fraction of the disordered integrated intensityf 2 as a
function of the mean pore diameter. The solid line is a fit to t
model discussed in the text. The dashed line is drawn at twice
disordered layer thickness. The inset shows the simple geomet
picture used in the model. The hatched region signifies the stro
disordered molecular thickness. Solid symbols represent meas
ments in Geltech, and the open symbol is for xerogel.
1-3
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DIMEO, NEUMANN, GLANVILLE, AND MINOR PHYSICAL REVIEW B 66, 104201 ~2002!
shown in Fig. 3. This thickness is comparable with that
the surface layer of methane, 2.060.5 nm, in controlled-
pore glasses8 whereas the bulklike behavior of methane
the crystalline surface MgO is observed when four such l
ers are adsorbed.24 Furthermore, x-ray scattering measur
ments of water at an electrode-electrolyte interface show
the effects of the fields at the surface extend out to th
molecular layers.25 Fits were also made to the present da
using the integral of Eq.~5! over the pore size distributions
Within the uncertainty the resulting thickness is the same
obtained by fitting Eq.~5!. Thus the relative amplitude of th
two components is primarily determined by^d& rather than
the width of the pore size distribution.

Previous Raman measurements of confined liquid C3I
show that then2 vibrational peak shifts to lower energy a
the mean pore diameter decreases.2 Extrapolating the trend
observed in the Raman measurements for this motion w
occurs along the I-C axis to rotational motions about the
axis would lead one to expect the barrier height to be
monotonically decreasing function of the mean pore s
Furthermore, the sharper component ofg(V3) in the con-
fined CH3I reflects a smaller hindering potential than fou
for the bulk also suggesting that the barrier should decre
as ^d& decreases. Taken together, these results sugges
the scattering intensity can be expressed as

I ~Q,E!5I oE P~D !SMG
inc ~Q,E,V3 ,D !dD, ~6!

where P(D) is the pore size distribution,V35V3(D) is a
monotonically decreasing function of pore diameter, and
rest of the equation has been explained in reference to
~3!. Note that the assumption implicit in Eq.~6! is that the
barrier height distributiong(V3) can be expressed in term
of the pore size distributionP(D) via

g~V3!5P~D !U]V3

]D U21

. ~7!

The relationship between the widths of the barrier hei
distribution, sV3

, and those of the pore size distributio

sPSD, is also implicit in Eq.~6!:

sV3
5U]V3

]D UsPSD. ~8!

While the relative intensity of the two tunneling features w
observe can be simply described using just the mean
diameter, neither the peak positions nor the widths displa
monotonic dependence on the mean pore diameter~see Table
I!. Thus these measurements show that, unlike the intens
of the two components, there is no simple correlation
tween the mean of the pore size distribution and the mea
g(V3), i.e., a single pore diameter does not necessarily
respond to a single barrier height. Similar arguments appl
the relative widths ofg(V3). Thus neither the mean nor th
width of g(V3) is a simple monotonic function of̂d&, and
Eq. ~6! does not appear to be valid.

Figure 4 shows the widths (s1 , s2) of the components o
g(V3) as a function ofsPSD. The width ofg(V3) appears to
10420
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have only a very weak non-monotonic dependence on
width of the pore size distribution. For CH3I confined in
Geltech, shown in the shaded region in Fig. 4, there app
to be almost no dependence on the distribution wi
whereas confinement in xerogel results in an increase in
widths of the components ofg(V3). This is consistent with
our observation that there is no such dependence of the
rier height positions nor widths on pore diameter sinceV3
5V3(D) necessarily implies that that the widths of the d
tribution are related via Eq.~8!. Thereforeg(V3) cannot be
expressed as a simple integral over the pore size distribu

The fact that both the position and width of the comp
nents ofg(V3) in Geltech are nearly constant indicates th
the local environment is not dependent on the pore size
tribution itself, i.e., the two local structures are nearly ind
pendent of the size~local or global! of the pores. This fact is
not surprising since we have neglected the effects of sur
interactions. Preliminary results on CH3I in a porous glass
with 5.8-nm pores with hydrophobic OCH3 groups indicate
an enhancement of the ordered barrier contribution to
overall barrier height distribution suggesting that the thic
ness of the strongly disordered surface component
reduced.5 The surface chemistry, largely dependent on
fabrication process, can be quite different for the Gelte
compared to that of the xerogel. This could be the key to
differences in the widths ofg(V3), as shown in Fig. 4. In
future studies we intend to treat the surfaces of the por
glasses of varying nominal pore diameters to replace the
groups thereby changing the surface-adsorbate interact
This could shed further light on the pore-size dependenc
the barrier height distribution as well as the differences s
between the Geltech and the xerogel.

IV. CONCLUSION

In conclusion, we find that the rotational tunneling spe
trum for CH3I confined to porous glasses with various me

FIG. 4. Widths of the components ofg(V3) as a function of the
widths of the pore size distribution. Disordered widths (s2) are
plotted as open symbols, and the ordered components (s1) are rep-
resented by the solid symbols.
1-4
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PORE-SIZE DEPENDENCE OF ROTATIONAL . . . PHYSICAL REVIEW B 66, 104201 ~2002!
diameters and dispersions can all be treated with a sim
two-component model composed of weakly and strongly d
ordered molecules. Based on this model we estimate tha
strongly disordered molecules are constrained to three
lecular layers. Furthermore we find that there is no mo
tonic dependence of the widths of the components of
orientational barrier distribution as extracted from rotatio
tunneling spectra on the width of the pore size distribution
the porous material in which the CH3I is adsorbed. Moreove
we find no simple correlation between the mean diame
and the barrier height nor do we find a simple correlat
between the width of the barrier distribution and the nomi
pore diameter. These results taken together indicate tha
confined tunneling line shape cannot be expressed a
s
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simple integral over the pore size distribution. Rather surf
interactions seem to dominate the local structure and th
fore the dynamics of CH3I in mesoporous glasses.
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